The ATM-p53 DNA-damage response (DDR) pathway has a crucial role in chemoresistance in CLL, as indicated by the adverse prognostic impact of genetic aberrations of TP53 and ATM. Identifying and distinguishing TP53 and ATM functional defects has become relevant as epigenetic and posttranscriptional dysregulation of the ATM/p53 axis is increasingly being recognized as the underlying cause of chemoresistance. Also, specific treatments sensitizing TP53-or ATM-deficient CLL cells are emerging. We therefore developed a new ATM-p53 functional assay with the aim to (i) identify and (ii) distinguish abnormalities of TP53 versus ATM and (iii) enable the identification of additional defects in the ATM-p53 pathway. Reversed transcriptase multiplex ligationdependent probe amplification (RT-MLPA) was used to measure ATM and/or p53-dependent genes at the RNA level following DNA damage using irradiation. Here, we showed that this assay is able to identify and distinguish three subgroups of CLL tumors (i.e., TP53-defective, ATM-defective and WT) and is also able to detect additional samples with a defective DDR, without molecular aberrations in TP53 and/or ATM. These findings make the ATM-p53 RT-MLPA functional assay a promising prognostic tool for predicting treatment responses in CLL.
Chronic lymphocytic leukemia (CLL), the most common leukemia in the Western world, is characterized by an extremely variable clinical course. Some patients have stable disease for many years, whereas others rapidly progress with immediate need for chemotherapy. Thus far, cytogenetic aberrations of the pivotal regulators of the DNA-damage response (DDR) pathway, TP53 and ATM, have been shown to provide the most powerful predictive information on clinical outcome and responsiveness to chemotherapy. [1] [2] [3] [4] [5] Approximately 8% and 18% of CLL patients requiring frontline therapy harbor defects of TP53 or ATM, respectively. 3, 6 These frequencies increase when the disease progresses following initial therapies. Although TP53 and ATM aberrations both lead to p53 dysfunction, there are substantial differences both at the clinical and at the cellular level that distinguish TP53-defective from ATM-defective CLL. Clinically, TP53-defective CLL is more aggressive, whereas ATM-defective CLL has a more prolonged clinical course. 4 At the cellular level, TP53-disruptive CLL exhibits a complete absence of DNA-damage-induced apoptosis in vitro, whereas ATM-disruptive CLL retains a capacity for apoptosis after in vitro-induced DNA damage, though at a reduced level. 7, 8 In addition, microarray analyses revealed that TP53-and ATM-mutant CLL share a defect in activating proapoptotic responses after DNA damage but are distinguished by major differences in activating prosurvival responses. 9 In CLL, the majority of TP53 defects consists of biallelic TP53 defects (70%), that is, a TP53 deletion (17p deletion) in one allele in conjunction with a TP53 mutation in the other allele. 5 In marked contrast, less than 40% of ATM deletions (11q deletion) coincide with an ATM mutation. 2 Whereas monoallelic lesions of TP53 (i.e., mutations or deletions) commonly lead to p53 dysfunction and impaired responses to chemotherapy, 5, 10 only biallelic defects of ATM (i.e., mutation and deletion) usually result in impaired p53 response.
Currently, detection of deletions via fluorescent in situ hybridization (FISH) of TP53 and ATM is part of standardized clinical work-up in CLL. Analyses of mutations in TP53 and ATM, although of additional clinical value, 11, 12 are currently not standardized and challenging, especially for ATM, owing to its extreme gene size with lack of well-characterized mutations. 11, 13 Particularly, not all sequence variants in ATM lead to pathogenic changes. 13 In addition to TP53 and ATM defects, chemoresistance might be a consequence of epigenetic and posttranscriptional factors or deregulations of other components of the DDR, because more than 50% of chemo-refractory CLL patients do not exhibit TP53 or ATM aberrations. 5 Therefore, functional read-outs of the ATM/p53 axis with the aim to screen for (i) TP53 and ATM mutations, (ii) discrimination between TP53 and ATM defects, and (iii) additional defects in the DDR resulting from mechanisms other than TP53/ATM mutation/deletion, might add clinically relevant information on the actual DDR and chemosensitivity. This type of functional determination could add substantial information to FISH analysis. It is clinically important to distinguish TP53 from ATM defects, because specific treatments that selectively sensitize ATM-deficient tumor cells to killing are emerging. 14 Previously, we showed that a reverse transcriptase multiplex ligation-dependent probe amplification (RT-MLPA) procedure that quantifies the expression levels of the p53 targets, CDKN1A, BBC3 and Bax, in CLL cells following irradiation is able to determine p53 functionality. 15 With the aim of identifying and distinguishing abnormalities of TP53 versus ATM and enabling the identification of additional defects in the DDR, we developed a new RT-MLPA-based functional assay.
Results
Prediction of ATM/p53 mutational status using RT-MLPA. The RT-MLPA assay was performed on all (n = 30) samples from the training cohort and showed upregulation of cluster I genes following ionizing irradiation (IR) in WT samples and impaired upregulation in TP53/ATM-defective CLL samples following IR, confirming earlier results from Stankovic et al. 9 Additionally, most cluster II-IV genes discriminated between TP53-and ATM-defective CLL samples in their regulation following IR. Results for each probe are shown in Supplementary Figure 2 in terms of fold induction (FI; expression upon IR in comparison with non-IR). No differences were observed in the expression of any of the included genes in the absence of IR between the different CLL mutational subgroups (data not shown). Because our aim was to develop a highly accurate RT-MLPA assay, in further analyses, we selected those gene probes that robustly discriminated the mutational subgroups (i.e., WT versus TP53/ATM-mutated samples for cluster I genes and TP53-defective versus ATM-defective CLL for cluster II-IV genes). Probes were selected by level of significance that resulted from the comparison between the two respective groups. In case of identical P-values, probes with the largest change in FI factors between the two respective groups were selected (Supplementary Table 4 ). This resulted in a set of 10 probes, containing the following genes: cluster I genes: FAS, Bax, BBC3, CDKN1 A, PCNA, FDXR; cluster II genes: NME1; cluster III genes: MYC, PYCR1 and cluster IV genes: ACSM3.
To confirm that the 10-gene panel RT-MLPA could distinguish samples according to their ATM/p53 mutational status, we performed a multidimensional scaling analysis, 16 a statistical method for exploring similarities or dissimilarities in data. Multidimensional scaling analysis showed clear separation between the WT, TP53-mutated and ATM-mutated cases, indicating that the 10-gene panel captured changes in gene expression associated with mutational status (Figure 1a) . Next, based on the FI factors of the 10 selected genes, two support vector machine (SVM) classifiers were constructed to enable the classification of CLL samples into three different types of response, that is, ATM/p53 functional, p53-dysfunctional or ATM-dysfunctional. Models were constructed in a nested two-step approach. The first SVM predicts whether a sample is either ATM/p53 functional (F) or ATM/p53 dysfunctional (D) based on the FIs of the cluster I genes. The second SVM predicts whether an ATM/p53 dysfunctional sample is either ATM-or p53-dysfunctional based on the FIs of the cluster I-IV genes ( Figure 1b) . Internal cross-validation of the training set showed that the SVMs correctly classify ATM/p53-dysfunctional, p53-dysfunctional and ATM-dysfunctional patients. Of the WT patients, 13/14 (93%) were classified as functional and one as dysfunctional. All ATM-defective cases were correctly classified, whereas one out of nine TP53-defective samples was classified as ATM-dysfunctional. Note that these estimates are biased by the fact that for each gene in the panel, the most discriminative probe was selected based on the entire training cohort.
Reproducibility of the RT-MLPA. To test for reproducibility of the RT-MLPA assay, we mixed RNA of CLL cells from all included TP53/ATM WT samples and analyzed this sample repeatedly in each experiment. In total, this sample was analyzed 23 times over a period of 3 years. The geometric mean with 95% confidence intervals for the FIs of individual genes are shown in Supplementary Table 5, illustrating that the RT-MLPA is highly robust with small 95% confidence intervals for all genes in the panel. Most importantly, all 23 replicate samples were classified consistently as ATM/p53 functional.
Sensitivity of the RT-MLPA. In order to get an insight into the sensitivity of the functional assay in detecting subclones with TP53 and ATM defects, we mixed varying proportions of RNA from CLL cells from patients with either biallelic TP53 or biallelic ATM defects and a large clone size, with those from a patient with WT TP53 and ATM. The assay was able to detect a functional defect when the defective TP53 and ATM clone compromised around 35% and 45% of the sample, respectively (Supplementary Figure 3) .
Prediction of ATM/p53 mutational status in validation cohort; biallelic lesions. The classification models were validated on a separate cohort (validation cohort; Supplementary Table 1) . First, CLL patients from the validation cohort with clear genotypic characteristics, that is, TP53/ATM WT (WT; n = 27), biallelic TP53 defects (n = 6) or biallelic ATM defects (n = 9) (i.e., mutation+deletion) were evaluated. Overall, patterns of response observed in the validation cohort were in agreement with those in the training cohort, with an intact upregulation of cluster I genes in WT and an impaired upregulation in TP53-and ATM-defective samples following irradiation. In addition, TP53-defective cases showed differential expression of cluster II-IV genes following IR in comparison with ATM-defective cases, with upregulation of NME-1, MYC and PYCR1 (cluster II+III) and downregulation of ACMS3. (cluster IV; Figure 2a ).
SVM predictions on those samples revealed that all (6/6) TP53-defective (17p-+TP53 mutation) samples were classified as p53-dysfunctional. Eight out of nine ATM-defective (11q-+ATM mutation) cases were classified as dysfunctional (i.e., seven ATM-dysfunctional and one p53-dysfunctional) and one ATM-defective sample was classified as functional. Of the WT patients, 21/27 (78%) were classified as functional, whereas 6/27 (22%) and 1/27 (3.7%) were assigned as ATMdysfunctional and p53-dysfunctional, respectively (Figures 2b and c). In summary, a high percentage of patients with TP53/ ATM defects were classified as dysfunctional (sensitivity of 93%), with a high sensitivity for TP53-defects (100%) and relatively high sensitivity for ATM-defects (78%; Figure 2c ). In contrast, a relatively high percentage of WT patients were classified as dysfunctional, resulting in a specificity of 78%.
Prediction of ATM/p53 mutational status in samples harboring monoallelic lesions. Next, monoallelic lesions were analyzed, that is, samples with sole TP53 mutation (n = 3), sole 17p deletion (n = 4), sole ATM mutation (n = 6) and sole 11q deletion (n = 12) (Figures 2b and d ). All (3/3) sole TP53-mutated samples were classified as p53-dysfunctional, whereas one out of four samples with a 17p deletion was classified as p53-dysfunctional (Figure 2d ). The remaining three 17p-deleted samples were classified as ATMdysfunctional (n = 1) and functional (n = 2), respectively. The two samples that were classified as functional harbored the deletion in only 15 and 50% of the cells, whereas the two samples which were classified as dysfunctional harbored the deletion in 80 and 96% of cells, suggesting a possible correlation between the degree of p53-(dys)functionality and clone size. With respect to monoallelic ATM aberrations, four out of six sole ATM-mutated cases were classified as ATM-dysfunctional, whereas one case was classified as p53-dysfunctional and one as functional. Nine out of 12 sole 11q-deleted samples were classified as functional, whereas 2 displayed an ATM-dysfunctional and one a p53-dysfunctional response. There was no correlation between the clone size of cells harboring an 11q deletion and the degree of ATM-(dys) functionality (data not shown).
In vitro responses to DNA-damaging agents of samples classified according to the RT-MLPA. In addition to TP53 and ATM genetic defects, chemoresistance might be a consequence of other defects in the DDR, especially because more than 50% of chemo-refractory CLL patients do not exhibit TP53 or ATM aberrations. 5 Therefore, the RT-MLPA could be a very useful tool to detect ATM-p53 dysfunctional patients in the absence of ATM and/or TP53 mutations. Interestingly, six WT samples were classified as dysfunctional (WT+dysf) according to the RT-MLPA-based SVM classifier. To determine whether these samples were RT-MLPA data
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Step 1
"Cluster II-IV genes" Interestingly, the WT+dysf samples showed significantly reduced apoptosis to all agents in comparison with the WT +funct samples (Figure 3a) , indicating that defects in the DDR other than TP53/ATM aberrations are indeed present and probably responsible for the observed defective DNAdamage-induced apoptotic responses. In addition, apoptotic responses of the sole 11q-deleted samples, from which viable cells were available, were also examined. This Figure 2 Validation of RT-MLPA assay and SVM classifiers in an independent validation cohort. (a) CLL cells of samples included in the validation set with clear genotypic characteristics, that is, TP53/ATM WT (n = 27), biallelic TP53 defects (n = 6) or biallelic ATM defects (n = 9) (i.e., mutation+deletion) were treated with or without irradiation (5 Gy) followed by measurement of mRNA expression levels using RT-MLPA. (c) CD40L/Il21 activated CLL cells of n = 2 functional, n = 3 ATM dysfunctional and n = 2 p53 dysfunctional CLL samples classified according to the RT-MLPA were treated with olaparib at increasing concentrations. After 3 days, cell death was assessed by DIOC 6 /PI staining and specific cell death was calculated as described in the Materials and Methods section. Presented is mean ± S.E.M.
ATM-p53 RT-MLPA functional assay in CLL GD te Raa et al revealed that the apoptotic responses of the samples that were classified as functional (n = 5, 11q-+funct) according to the RT-MLPA-based SVM classifier were normal, whereas responses of the cases that were classified as ATM-dysfunctional (n = 2, 11q-+ATM-dysf) were impaired (Figure 3b ; note that for irradiation only one out of two 11q-+funct samples could be tested). These data indicate that the RT-MLPA assay is able to detect additional defects in the DDR resulting from mechanisms other than TP53/ATM aberrations and can potentially distinguish 11q-deleted samples in a dysfunctional and functional group. It becomes increasingly important to distinguish TP53 defects from ATM defects, because specific treatments that selectively sensitize ATM-deficient tumor cells to killing, such as the PARP-inhibitor olaparib, are emerging.
14 To determine whether the RT-MLPA indeed can predict whether CLL cells respond to such specific treatments, cell death of samples classified as functional, ATM-dysfunctional or p53-dysfunctional was measured following olaparib treatment as described. 14 We observed that olaparib only induced cell death in ATM-dysfunctional CLL cells following 3 μM of olaparib (Figure 3c ), which was in line with the observed levels of cell death as published by Weston et al., 14 showing that only ATM mutational CLL samples respond to olaparib.
Discussion
Aberrations that involve the TP53 or ATM gene affect the DDR pathway and are well-known adverse prognostic factors in CLL. Defects of the ATM-p53 pathway can also be caused by other mechanisms, such as polymorphisms in MDM2 17,18 and CDKN1A, 19 hypermethylation of the TP53 promotor 20 or by novel recurrent mutations, such as those described recently for the SAMHD1 gene. 21 Identifying and distinguishing TP53 and ATM defects has become increasingly relevant as specific treatments for TP53-and ATM-deficient tumors are emerging. However, mutational analyses of TP53 and ATM in particular are challenging and not yet standardized. The aim of this study was to assess whether functional analysis of the ATM-p53 axis using a newly designed ATM-p53 functional assay could (i) detect TP53 and/or ATM aberrations, (ii) distinguish TP53 defects from ATM defects and (iii) enable the identification of additional defects in the ATM-p53 pathway.
In this study, we developed an RT-MLPA-assay that included genes differentially expressed upon irradiation between (i) WT and TP53/ATM-mutant CLL, and between (ii) TP53-mutant and ATM-mutant CLL. The RT-MLPA assay was subsequently evaluated in a training cohort with CLL samples with known TP53 and ATM status, and support vector machine classifiers were constructed based on the FIs upon irradiation for a 10-gene panel. The RT-MLPA assay and SVM classifiers were validated in a separate validation cohort. CLL samples with clear genotypic characteristics (i.e., biallelic defects) were assigned with a high degree of confidence to one of the three categories with sensitivities of 93%, 100% and 78% for TP53/ ATM WT, biallelic TP53-defective and biallelic ATM-defective samples, respectively. Thus, the RT-MLPA can both identify and distinguish biallelic TP53 and ATM defects with a high degree of confidence.
Interestingly, a substantial number of WT samples were classified as ATM-dysfunctional (22%, 6/27), which might be cases that harbor other defects in the ATM-p53 pathway than aberrations of TP53 and ATM. This is corroborated by the fact that apoptotic responses to various DNA-damaging agents were affected in the four cases that were further evaluated. Mutational analysis to uncover an underlying mechanism that could be involved in the observed defective DNA-damageinduced responses showed that two cases carried an SF3B1 mutation, 22 whereas the underlying defects in the other two samples remains elusive. These cases underscore the clinically highly relevant divergence between determination of ATM/p53 status by functional testing and by mutational analysis.
Samples with mono-allelic defects were not included in the training cohort and results were therefore more ambiguous. Mono-allelic deletions (i.e., sole 17p deletion and sole 11q deletion) were often classified as functional, whereas monoallelic mutations (i.e., sole TP53 mutation and sole ATM mutation) were often classified as p53-dysfunctional and ATM-dysfunctional, respectively. CLL samples with a sole 17p deletion are likely to be classified as functional by the RT-MLPA owing to a low clone size (± o40-50%). This is in agreement with other available p53-function assays. 10, 23, 24 Sole 11q-deleted samples were often classified as functional (9/12), however, this was not clone-size dependent, as there was no correlation between the percentage of deleted cells and the degree of ATM-(dys)functionality. It is more likely that these samples were labeled functional owing to redundancy of the ATM-kinase activity in the remaining allele, in line with previous studies showing that CLL samples with both ATM alleles affected (either deletion and mutation or two mutations) lack ATM activity, while patients with monoallelic lesions may have preserved ATM function. 1, 2 Although the number of investigated samples was low, the classification of the sole 11q-deleted samples according to the RT-MLPA indeed seems to be correct, because additional testing of apoptotic responses showed that two sole 11q-deleted samples that were classified as ATM-dysfunctional displayed impaired apoptotic responses, while the samples that were classified as functional showed intact apoptotic responses. Why 3 out of 12 sole 11q-deleted samples are classified as dysfunctional and the remaining ones as functional remains to be elucidated, but could be because of the involvement of currently unknown associated mutations or other factors.
Over the past years, several functional assays have been developed to test p53/ATM functionality, such as MIR34a, RT-PCR_CDKN1A and FACSp53-p21. 10, 18, 24, 25 The majority of these functional assays were designed to assess p53 functionality and not to detect ATM defects specifically nor to distinguish TP53 defects from ATM defects. In none of these studies, mutational analysis of ATM was performed. Some functional assays have been developed with the aim to identify and distinguish TP53-and ATM-defective tumors. 11, 26, 27 One such assay is based on monitoring p53 and p21 accumulation after cell exposure to etoposide and nutlin-3a enabling the differentiation of TP53 and ATM defects using flow cytometry. 26 An alternative assay, based on measuring CDKN1A levels by RT-PCR following fludarabine and doxorubicin treatment, was primarily designed for ATM function testing and can also distinguish between TP53 and ATM defects. 11 As we have previously published, also cell death following DNA-damaging agents can distinguish a group of functional WT samples from a group of ATM-mutated and a group of TP53-mutated samples; 22 however, this method seems less suitable to functionally test samples at the individual level to predict (dys)functionality, as exemplified in Figure 3a showing that two out of seven WT samples showed small percentages of cell death following irradiation, comparable with the percentage of cell death seen in dysfunctional patients. Finally, promising results were shown for the detection of ATM defects by measuring the percentage of mitotic cells with p53 localization at the centrosome. 27 So far, these assays have not been validated in a separate cohort using the cutoff values determined in the initial study population, which is an important component of biomarker development.
A potential limitation of functional testing, not only in our study, but also in other studies evaluating p53 functional assays, is that small clones can be missed. 10, 23, 24 This is especially important, because there is emerging evidence that the presence of mutations in subclones or in very small clones impact patient outcome, leading to reduced survival. 28, 29 Another potential limitation is that functional testing usually needs viable cells with high purity. In case the viability of cells is low (o50%), the RT-MLPA functional assay is not reliable and WT samples could incorrectly be classified as dysfunctional.
In conclusion, the newly designed ATM-p53 RT-MLPA assay is able to distinguish three subgroups of CLL tumors (i.e., TP53-defective, ATM-defective and WT) and was also able to detect additional samples with a functional defective DDR, without molecular defects of TP53 and/or ATM. This indicates that the ATM-p53 RT-MLPA might not only be of additional clinical value over FISH to screen for mutations of TP53 and ATM instead of sequencing, but might also be useful for screening of other defects in the DDR pathway in addition to ATM and/or TP53 aberrations. Whether the newly developed ATM-p53 RT-MLPA assay also predicts for clinical outcome in addition to the molecular status of ATM and/or TP53 needs to be further evaluated in large clinical prospective studies.
Materials and Methods
Patient and samples. A cohort of 30 CLL patients from the Academic Medical Center, Amsterdam, the Netherlands and from the Central European Institute of Technology (CEITIC), Brno, Czech Republic, was enrolled in this study and utilized to set-up the RT-MLPA functional assay (training cohort). An independent second cohort consisted of 67 CLL patients included in the HOVON68 clinical trial, 30 which was further enriched for patients with TP53 and ATM aberrations from CEITEC (validation cohort). Clinical and genotypic characteristics are described in Supplementary Table 1 . For further details on the training cohort, see also Supplementary Methods and Supplementary Figure 1 . The study was conducted in accordance with the Declaration of Helsinki and written informed consent was obtained from all patients. Diagnosis of CLL was assessed according to IWCLL-NCI Working Group criteria. Peripheral blood mononuclear cells were isolated and frozen as described earlier. 31 After thawing, CLL cells were enriched, in case CD19/CD5 purity was below 90%, via negative depletion using α-CD3 (CLB-T3/4,1, nr70,1x1), α-CD14 (CLB-mon/1,nr143,8G3) and α-CD16 (CLB-FCRgran1, nr142,5D2) (CLB, Amsterdam, the Netherlands) as described. 31 Samples with a cell viability o50%, 16 h after thawing, determined by 3,3-dihexyloxacarbocyanine iodide (Invitrogen, Carlsbad, CA, USA) and propidium iodide (Sigma-Aldrich, St. Louis, MO, USA) using flow cytometry as described, 31 were excluded from the analysis.
Molecular analyses of TP53 and ATM. Deletions at the 11q22-q23 (ATM), 17p13 (TP53), 13q14 loci and trisomy of chromosome 12 were detected by FISH by using locus-specific probes (Abott Vysis Inc., Des Plaines, IL, USA or MetaSystems, Altlussheim, Germany). TP53 (ex4-10) mutational analysis was performed by next generation sequencing using the GS Junior 454 platform (Roche, Basel, Switzerland) 32 or by Sanger sequencing using standard conditions as described previously.
5 ATM (ex4-65) was analyzed by either Sanger sequencing and ATM functional analysis assessing irradiation induced phosphorylation of ATM targets or by resequencing microarray and direct sequencing as described previously. 
